Epigenetics refers to potentially heritable processes that can mediate both lasting and transient changes in gene expression in the absence of genome sequence alterations. The field of epigenetics has introduced a novel understanding of the mechanisms through which the environment can shape an individual and potentially its offspring. This Mini-Review examines the current literature exploring the role of epigenetics in the development of mood disorders such as depression. Depression is twofold more common in females, yet the majority of preclinical research has been conducted exclusively in male subjects. Here we discuss what is known about sex differences in epigenetic regulation and function and how this may contribute to the etiology and onset of mood disorders. V C 2016 Wiley Periodicals, Inc.
Women are reported to have twice the lifetime risk of developing depression compared with men (Kessler et al., 1993) . Comparisons of men and women diagnosed with chronic major depressive disorder (MDD) found that women's symptoms, determined by multiple depression scales, were more severe than men's (Kornstein et al., 1995) . Women reported greater psychomotor retardation than men, along with greater functional impairment in their relationships. Men on the other hand presented with a greater history of substance abuse (Kornstein et al., 1995) . More recently, it was postulated that the experience and symptomatology of depression in men differs from that in women (Martin et al., 2013) . The authors conclude that symptoms of depression in men include anger, aggression, risk taking, and substance abuse, whereas women present with more traditional depression symptoms. When these male-associated symptoms are included in diagnosis, the sex difference in occurrence of depression disappears.
Regardless of whether women are at higher risk of developing the disorder than men, or simply men and women manifest different symptoms for a related syndrome, these studies suggest that the underlying biology contributing to depression is likely different in males and females. As a field, neuroscience has limited ability to explore the underlying biology of sex differences in humans. Therefore, the majority of this Mini-Review focuses on data obtained from different types of animal models that measure behaviors, which recapitulate some of the symptoms associated with depression. These models allow us to manipulate potential contributing factors to depression within a relatively controlled environment. This Mini-Review covers the potential contribution of epigenetic mechanisms to sex differences associated with depression.
EPIGENETICS
The term epigenetics as introduced by Waddington (2012) was based on the observation that variation in phenotype did not always match variation in genotype. Epigenetics was used to describe different phenotypic fates produced through interactions of genes and environment as well as through random processes. Over time and with increased understanding of the processes and mechanisms involved in these differences between phenotype and genotype, the definition has evolved in the broadest sense to refer to potentially heritable process that may permanently alter gene expression in the absence of alterations of the genome sequence . These include processes such as DNA methylation, histone modifications, and micro-RNAs (miRNAs). In addition, these same epigenetic mechanisms can influence gene expression and regulation in gametes, which in turn leads to transfer of phenotypic variation from one generation to another (Morgan and Bale, 2011) . However, most commonly the term is used to describe cellular heritability during which modifications are transferred to the daughter cells in mitotic tissues Sun et al., 2013) .
There is a growing list of mechanisms that contribute to epigenetic regulation. These include but are not limited to the processes described in this section. DNA methylation is catalyzed by DNA methyltransferase (DNMT) enzymes, which covalently link a methyl group to the fifth carbon of cytosine nucleotides of DNA (Bestor, 2000) . This process is thought to produce suppression of transcription of the affected gene either by blocking the transcription factor binding site directly or by recruiting other binding proteins and/or histone modifiers (Hervouet et al., 2009; Schubeler, 2015) . DNMT1 is involved in maintenance methylation between progenitor and daughter cell and acts at hemimethylated sites (Feng and Fan, 2009; Feng et al., 2010) . DNMT3a and -3b are involved in de novo methylation, placing methyl marks on previously nonmethylated DNA (Feng and Fan, 2009) . Furthermore, DNMTs can recruit DNA methylCpG binding domain proteins (MBDs), which in turn recruit histone modifiers, inducing a repressive heterochromatin state (Bogdanovic and Veenstra, 2009 ). There is also growing evidence of alternate forms of DNA demethylation, e.g., hydroxymethylation of cytosines, which typically activate transcription. Ten-eleven translocation (TET) proteins are involved in oxidation of 5-methylcytosine into 5-hydroxymethylcytosine (Ito et al., 2010; Shen and Zhang, 2012) . TETs and other proteins are involved in the demethylation of cytosines, which underscores that DNA methylation is dynamically regulated.
Histone modifications are enzymatic modifications occurring along the N-terminal tails of the histone core of nucleosomes (Jenuwein and Allis, 2001; Fischle et al., 2003; Sun et al., 2013; Pena et al., 2014) . Such modifications include acetylation, methylation, and phosphorylation, among several others. Depending on the modifications and the points at which they occur, such changes contribute to a more closed chromatin state that suppresses transcription or to a more open chromatin state allowing for transcription (Iizuka and Smith, 2003; Sun et al., 2013; Vialou et al., 2013) .
Another mode of epigenetic regulation occurs through the actions of miRNAs. These are short (20 nucleotide), noncoding RNAs that act on mRNAs to suppress protein translation (O'Carroll and Schaefer, 2013) . Little is currently known about the role of miRNAs in depression, particularly with respect to sex-specific factors (Morgan and Bale, 2012; Issler and Chen, 2015) ; therefore, this Mini-Review focuses mostly on DNA methylation and histone modifications. It is likely that these and other epigenetic mechanisms act in concert with one another to alter transcription of genes, leading to both activation and suppression of molecular cascades. However, for reductionist purposes they are discussed here as separate mechanisms.
EPIGENETICS SHAPE THE MALE AND
FEMALE BRAIN AND BEHAVIOR For almost a century, investigation of the organizational effects of the neonatal hormone surge on sexual differentiation of the brain has focused mainly on hypothalamic subnuclei and some limbic regions (Phoenix et al., 1959; Barraclough and Gorski, 1961; Petrusz and Flerko, 1965; Rhees et al., 1990; MacLean et al., 1997; Kudwa et al., 2006) . These organizational effects occur during a critical period of development and form the framework for eventual male and female phenotypical behaviors and physiology. These include sex-specific alterations in gene and protein expression, neurogenesis, glial devlopment, neural apoptosis, and synaptic connectivity that are manifested as differences in size and function of sexually dimorphic hypothalamic regions (Forger, 2006; McCarthy, 2009; McCarthy et al., 2009) . Organization of the brain is considered to be permanent and occurs during postnatal development in rodents (P0 to P10) and during the second trimester in humans (for review see McCarthy et al., 2009) . However, the effects of the early-life hormone surge may not be fully expressed until childhood, adolescence, or even adulthood, depending on the brain region, sex, and species/strain of the animal (Davis et al., 1996; Walker et al., 2012 Walker et al., , 2015a Wittmann and McLennan, 2013) .
Initially, a fetus can develop as either sex, and an active process of masculinization and defeminization occurs to make a male. If anything goes wrong with that process, the fetus will default to female phenotype. Possession of a Y chromosome leads to the expression of the sex-determining region y (SRY) gene and causes testis development. The developing testes subsequently release high levels of testosterone that are aromatized into estrogen within the brain and induce organizational changes (Phoenix et al., 1959; Nugent et al., 2012) . In rodents, the female brain is protected from being defeminized by maternal estrogen via the ability of alpha fetoprotein (AFP) to bind estradiol, preventing it from entering the brain (Bakker, 2006; McCarthy, 2008) . Masculinization of structure and sexual behavior in female AFP null mice can in turn be rescued through treatment with an aromatase inhibitor (Bakker, 2006) .
Our growing understanding of epigenetics has led to changes in how we perceive sexual differentiation of the neonatal brain. DNA methylation of estrogen receptor-a (ERa) has been linked to the expression of male sexual behavior (Nugent et al., 2015) . Early in development, males and females show different gene expression of ERa in sexually dimorphic brain regions such as the medial preoptic area (mPOA), a region of the hypothalamus (Kurian et al., 2010) , and differences in methylation of the ERa gene promoter region (Kurian et al., 2010; Schwarz et al., 2010) . In addition to being sexually dimorphic in size, lesions of the mPOA alter different behaviors in males and females. In male rats mPOA lesions block mounting behavior, whereas in females an intact mPOA is necessary for maternal behavior (Gray and Brooks, 1984) .
Recent evidence suggests that DNA methylation is important for sexual differentiation of the brain. Females treated pharmacologically with a DNMT inhibitor, or conditional knockouts lacking DNMTs in the mPOA during early postnatal life, behaved sexually like males when given a testosterone challenge in adulthood (Nugent et al., 2015) . This is the first evidence that brain feminization, although independent of the ovary, is also an active process requiring DNA methylation.
Histone modifications also act epigenetically to differentiate sexually the developing brain and thereby control behavior. Transient changes in the pattern of acetylation of histone 3 (H3) and H4 in the promoter regions of ERa and aromatase differ between the male and female brain during prenatal development (Matsuda et al., 2011) . Postnatal exposure to a histone deacetylase (HDAC) inhibitor during a critical period resulted in adult inhibition of male sexual behavior (Matsuda et al., 2011) . HDACs 2 and 4 bind with greater frequency to ERa and aromatase promoters in males than females and may contribute to the development of male sexual behavior (Matsuda et al., 2011) . Histone modifications of sexually dimorphic brain areas may also have connections to anxiety. The bed nucleus of the stria terminalis (BNST), a limbic region whose activity correlates with threat monitoring and acts as a relay site to the hypothalamicpituitary-adrenal (HPA) axis (Choi et al., 2007; Somerville et al., 2010) , is masculinized by a combination of testosterone exposure and H3 acetylation during an early postnatal critical window . Males have larger BNST volume than females because of the female cell apoptosis that occurs during this critical period ). In males treatment with an HDAC inhibitor during the critical period results in a feminized BNST . If females are injected with testosterone during the same critical period, they develop a masculine-sized BNST (Bangasser and Shors, 2008) . In gonadally intact males and testosterone-injected females, but not vehicle-injected females, the BNST is necessary for the ability of acute stress to enhance learning ability (Bangasser et al., 2005; Bangasser and Shors, 2008) . However, it remains to be determined whether epigenetic modification of the BNST is involved in the sex differences in stress resilience.
Although some DNA and histone modifications occur within sexually dimorphic brain regions such as the mPOA and BNST that may be tied to structural differentiation Forger et al., 2016) , more interesting perhaps is the greater number of genes undergoing DNA methylation in nonsexually dimorphic regions, such as the striatum (Ghahramani et al., 2014; Forger, 2016) . Manipulation of testosterone at birth in females or a comparison of males and females did not show many sex differences in methylation patterns early in postnatal development. However, such differences emerged in the mPOA and BNST and to an even greater extent in the striatum in adulthood (Ghahramani et al., 2014) . The functional relevance of these sex differences in methylation and the mechanisms through which they occur across development are still unknown. One possibility is that these transient and/or later sex differences are compensatory and allow males and females to function similarly even within a sexually specific hormonal milieu (De Vries, 2004) . Most of the genes that were differently methylated in males and females did not show functional sex differences at least in gene expression levels, suggesting that males and females may use different mechanisms to achieve the same endpoint (Ghahramani et al., 2014; Forger, 2016) . This is important to keep in mind as we examine how experience acts epigenetically to regulate the male and female brain and, potentially, transmit any changes transgenerationally to the offspring.
Although the perinatal organizational hormone surge is considered to be permanent, a second peripubertal hormone surge is also necessary for the manifestation of many male-and female-typical behaviors in adulthood. This second hormonal surge is often referred to as the activational hormone surge. Traditionally, the peripubertal activational hormone surge was considered to be reversible and nonpermanent, meaning that, if the hormonal stimulus was removed through gonadectomy, the behavioral manifestations of sex steroid hormones would be abolished . However, recent evidence is beginning to challenge this perspective, and it appears that the peripubertal hormone surge results in a sex-specific organization of behaviors in adulthood. For example, in males, the peripubertal testosterone surge is necessary for the organization of the posterior dorsal medial amygdala (mePD) insofar as prepubertal castration results in a feminized mePD in male hamsters that cannot be reinstated with testosterone in adulthood (De Lorme et al., 2012) . Additionally, recent data suggest that sociosexual behaviors including reproduction and aggression are organized in males, whereas behaviors associated with energy balance and maternal care are organized by ovarian hormones in females (Sisk, 2016) . However, to our knowledge, no studies have specifically investigated whether epigenetic mechanisms may underlie the organizational effects of these sex-specific behaviors.
There is substantial evidence that epigenetic mechanisms underlie the onset of puberty in females, notably, DNA methylation (Lomniczi et al., 2013) , histone modification (Lomniczi et al., 2015) , and noncoding RNAs (Sangiao-Alvarellos et al., 2013) . However, in these studies, sex differences were rarely investigated, and the timing of puberty does not seem to be influenced significantly by the peripubertal hormone rise but is instead a product of central changes in hypothalamus that drives peripheral pubertal changes, a hypothesis referred to as the central drive hypothesis of puberty (Herbison, 2016) . Instead, there is substantial evidence that the timing/initiation of puberty is influenced by the neonatal hormone surge (Gray et al., 1989a,b; Armenti et al., 2008; Dickerson et al., 2011; Sangiao-Alvarellos et al., 2013) as well as inputs from other neuroendcrine systems such as metabolic state, circadian signals, and stress (Ebling, 2005) .
Although evidence suggests that the peripubertal hormone surge is organizing sex-specific behaviors and sexually dimorphic brain regions, evidence that these effects are due to epigenetic mechanisms is lacking. Clearly, more research is needed to determine how the adolescent brain develops, how gonadal hormones may influence these developmental processes, and whether epigenetic mechansims are influencing and maintaining the organizational effects observed.
INTERGENERATIONAL/ TRANSGENERATIONAL TRANSMISSION
OF STRESS SUSCEPTIBILITY The concept that the experience of stress in one individual can lead to altered stress sensitivity in its offspring is relatively new but has gained substantial traction in recent years (Yuan et al., 2015) . About a decade ago, an environmental stimulus was used to alter the phenotype of subsequent generations. Pregnant rat dams were exposed to the fungicide vinclozolin, resulting in altered sperm motility, fertility, and testicular apoptosis in four generations of offspring (Anway et al., 2005) . These initial findings led to questions on how to decipher effects that are truly transgenerational via epigenetic inheritance. Transgenerational epigenetic changes are defined as being inherited through the germline, occurring independent of the offspring's experience. In contrast, changes referred to as context dependent could occur because the offspring/ gametes are exposed to the experience/stimulus in utero. This distinction is important because changes in phenotype may result from either form of manipulation. For an effect to be truly transgenerational, the phenotype must be observed in the second generation (F2) of offspring from the paternal line and the third generation (F3) of offspring from the maternal line. Effects that are contextdependent are referred to as intergenerational rather than transgenerational (Bale, 2015) .
Maternal stress is weakly associated with an increased risk for neurodevelopmental disorders, including schizophrenia, autism-spectrum disorders, and attention-deficit disorders in humans (Koenig et al., 2002; Khashan et al., 2008; Kinney et al., 2008; Ronald et al., 2010; Brown, 2012) . Numerous studies have examined maternal stress and its direct effects on the developing fetus and have been reviewed elsewhere Pena et al., 2014; Bowers and Yehuda, 2016) . Because female rodents of most species contribute almost exclusively to rearing of offspring, it is difficult to separate direct stress-induced epigenetic alterations in gametes from context-dependent alterations involving intrauterine environment or maternal behaviors. Indeed, the critical role of maternal behavior in mediating intergenerational transmission of stress susceptibility is well established in rodent models (Weaver et al., 2004) .
These same factors create difficulties in interpreting epigenetic regulation of human depression. For example, the adult offspring of Holocaust survivors have higher levels of self-reported anxiety and depression (Yehuda et al., 2015) . These offspring also exhibit altered methylation of the gene encoding FK506 binding protein (FKBP5), a regulator of glucocorticoid receptor sensitivity, in peripheral blood. The FKBP5 gene also had altered methylation in their parents at the same locus; however, the methylation changes were in opposite directions (Yehuda et al., 2015) . Because we cannot determine whether these effects result epigenetically from the germline or behaviorally via the experience of being raised by holocaust survivors, we lack an understanding of the meaning of the relationship between these opposite alterations in methylation between the generations and the development of mood disorders. Understanding this relationship could potentially inform us about what goes wrong and how it happens.
Paternal stress induces both intergenerational and transgenerational stress pathologies, possibly in part from epigenetic alterations in the sperm. Because most male rodents do not participate in rearing of the offspring, factors unrelated to the germ cell contribution can be excluded as a potential mechanism of intergenerational transfer of the phenotype of the offspring. However, one factor that is difficult to control for is how the female responds to the stressed male and whether this changes the intrauterine environment or maternal behavior. Therefore, in vitro fertilization (Dietz et al., 2011) , embryonic manipulations (Rodgers et al., 2015) , or artificial insemination (Walker et al., 2015b) have been used to determine the contribution of male gametes to stress pathologies in subsequent generations. The offspring of males exposed to chronic social-defeat stress display increased depression-and anxiety-related behaviors in both sexes. However, male offspring seem to be more sensitive because the behavioral effects are more pronounced in sons than in daughters. In additional experiments, male offspring of stressed or unstressed fathers were exposed to a subthreshold defeat that consisted of three short (5-min) exposures to novel aggressors with 15-min intertrial intervals over the course of 1 day. Sons of defeated fathers but not unstressed fathers exposed to this subthreshold stress exhibited a stress-susceptible phenotype and displayed subsequent social-avoidance behavior. These data suggest that paternal stress sensitizes offspring to subsequent stressful experiences. However, questions remain on whether the phenotype is transmitted via sperm because offspring produced from in vitro fertilization lacked a full stress phenotype (Dietz et al., 2011) . On the other hand, artificial insemination produced a stronger phenotype in the offspring (Walker et al., 2015b) . It should be noted that manipulation of the gametes using these methods can themselves alter the epigenome (Stojanov and O'Neill, 2001 ) to produce behavioral effects in the offspring. In particular, imprinted genes seem to be a target of these epigenetic changes (Stojanov and O'Neill, 2001; Smith et al., 2015) . Although controls are used to mitigate these potential procedural alterations, these data should be interpreted with caution.
In a different stress model, fathers exposed to chronic variable stress (CVS) throughout puberty or adulthood produced male and female offspring with a blunted corticosterone response during restraint stress but few behavioral alterations. In the CVS father's sperm, nine miRNAs were altered by stress and identified as predicted regulators of gene expression in brain areas of both sexes of offspring (Rodgers et al., 2015) . In an attempt to elucidate a mechanism for paternal transmission of stress phenotypes, those nine miRNAs were injected into zygotes of control embryos. Male and female embryos exposed to all nine miRNAs, but not an individual miRNA control, displayed stress phenotypes in adulthood similar to those of offspring of CVS fathers. These studies suggest that chronic paternal stress results in epigenetic changes in sperm, specifically miRNA expression, which can in turn alter gene expression in the brain and influence stress reactivity in adult offspring. To our knowledge, this is the first study directly to link epigenetic changes in sperm to altered gene expression and behavior in adult male and female offspring (Rodgers et al., 2015) . A similar study recapitulated a maternal separation-induced stress phenotype in male offspring by injecting RNA from the stressed father's sperm into a control embryo. However, only male offspring were investigated, so no sex differences could be identified (Gapp et al., 2014) . Taken together, these data suggest that sperm are sensitive to paternal stress and relay information to the offspring about current environmental conditions.
The studies discussed so far are limited to effects observed in the F1 generation. To date, only one study has investigated the epigenetic mechanisms underlying paternal transmission of stress phenotypes to multiple generations of offspring, thus definitively characterizing an epigenetic mechanism of transgenerational inheritance (Dias and Ressler, 2014) . Both F1 and F2 male offspring were sensitized to the odor acetophenone if the F0 father had gone through odor-fear conditioning. This behavioral effect was associated with hypomethylation of the odorant receptor gene, Olfr151. Finally, the effect was transferred to the F2 generation via in vitro fertilization, suggesting that the behavioral phenotype is encoded in the male gametes across multiple generations independent of the stressful stimulus (Dias and Ressler, 2014) .
Further research is needed to understand how the experiences of parents of both sexes contribute to the stress sensitivity of the next generation and how this is transmitted. The majority of current studies have focused on intergenerational/transgenerational transmission of stress phenotypes from fathers to male offspring. There is a dearth of studies investigating how female offspring respond to parental stress/depression let alone whether there are sex differences. Parental sex-based differences in the transmission of depression from one generation to the other have been reported; daughters of depressed mothers are at greater risk of developing depression and have a concordance of hypercortisolemia with their mothers even before depression onset (LeMoult et al., 2015) . In humans, self-reported depression during pregnancy correlated with increased methlyation of the glucocorticoid receptor NR3C1 in the 1F region of male but not female offspring (Braithwaite et al., 2015) . The same study found that both sexes demonstrated a predictive relationship between maternal depression and methylation of the BDNF IV promoter. However, as mentioned above, it is difficult to determine how postnatal maternal care might also contribute to these biological differences as it contributes to both epigenetic regulation of the HPA axis of offspring in both humans and rodents (Champagne, 2008) . Therefore, it is important that we understand how both the sex of the parent and that of the offspring contribute to the risk of developing depression. Dissecting trans-and intergenerational transmission of stress susceptibility in both sexes will inform our knowledge of the mechanisms involved in developing depression and may lead to new treatments or methods to block the transmission from parent to child.
EPIGENETIC REGULATION ALTERS THE ADULT BRAIN AND BEHAVIOR IN ANIMAL
MODELS OF DEPRESSION To explore the epigenetic mechanisms functionally contributing to vulnerability to depression, we turn to animal models that use stress and/or genetic modifications to induce depression-associated behavior (Cryan and Holmes, 2005; Slattery and Cryan, 2014; Menard et al., 2015) . As noted above, the majority of preclinical studies have focused exclusively on male subjects Zucker and Beery, 2010) . To examine the underlying biology of depression in both sexes, we developed a model of variable stress that produces depressionassociated behavior earlier in females than in males (LaPlant et al., 2009; Hodes et al., 2015) . Female but not male mice exposed to 6 days of variable stress (VS) including foot shock, tail suspension, and restraint stress display depression-and anxiety-associated behaviors across a multiday test battery. Extension of this stress to 21 days induces equivalent depression-associated behaviors across the same test battery in both sexes (Labonte et al., 2015) . Examination of the nucleus accumbens (NAc) transcriptome using RNA sequencing following 6 days of VS demonstrated extensive sex differences. More genes were significantly downregulated in males (303) in response to 6-day VS than females (135), indicating a potential mechanism of resilience to stress linked to transcriptional suppression at this time point . The 6-day VS exposure increased expression of the de novo DNMT3a in both sexes as well as in post mortem tissue from humans with MDD. Therefore, as a tool to shift the transcriptome, we manipulated DNMT3a using a combination of NAc-specific viral-mediated gene transfer and transgenic mouse models. We found that transient overexpression of DNMT3a in NAc during a 3-day subthreshold VS exposure triggered depression-associated behavior in both sexes. Previous work demonstrated that overexpression of DNMT3a in the male NAc led to social-avoidance behavior following a subthreshold socialdefeat stress and decreased latency to immobility in the forced swim test (LaPlant et al., 2010) .
Reduction of DNMT3a using viral expression of Cre recombinase in the NAc of Dnmt3a floxed female mice made females behaviorally resilient to 6-day VS and led to a greater overlap of their NAc transcriptome with behaviorally resilient stressed males. There was a twofold increase in the number of upregulated genes that overlapped between stressed males and stressed Dnmt3a knockout females and a threefold increase in the number of genes similarly downregulated (Fig. 1a) . Molecular pathway analysis indicated that, among the top 10 pathways most differentially regulated by 6-day VS in males and females, removal of Dnmt3a from the NAc of females led to expression similar to that of males in 70% of those pathways (Fig. 1b) . The pathway with the most genes altered by 6-day VS in females was the corticotrophinreleasing factor (CRF) pathway. Interrogation of this pathway by real-time PCR in a separate group of animals demonstrated that, regardless of whether genes were upor downregulated by 6-day VS in females, removal of Dnmt3a neutralized these effects. This study demonstrates for the first time that changing DNA methylation in adulthood can shift an area of the brain associated with emotional processing from a female-like to a male-like state. Therefore, certain sex differences are not fixed at birth and can change across the life span with experience. It is interesting to note that removing Dnmt3a from NAc in males did not alter expression of the same genes as it did in females or alter male stress-related behavior. This work supports the idea that males and females may use epigenetic mechanisms differently to regulate brain function in response to environmental stimuli.
Another examination of the methylation patterns that contribute to male stress susceptibility supports the idea that males and females use epigenetic mechanisms differently, sometimes resulting in the same biological and behavioral endpoint. In males, DNA methylation of the CRF promoter in a different area of the brain, the paraventricular nucleus (PVN) of the hypothalamus, coincides with individual differences in susceptibility to socialdefeat stress (Elliott et al., 2010) . As with the NAc of females exposed to 6 day VS, males susceptible to socialdefeat stress have increased transcriptional expression of CRF in the PVN. The susceptible, but not the resilient or control, mice demonstrate decreased methylation of sites along the CRF promoter, suggesting that in this brain region for males stress susceptibility is related to site-specific demethylation that results in increased CRF expression (Elliott et al., 2010) . Administration of an antidepressant blocked the development of social avoidance and increased methylation of CpG sites in the CRF promoter. Social-avoidance behavior in mice was also blocked by using intra-PVN infusions of short interfering RNA (siRNA) sequences targeted to Crf mRNA. Virusmediated gene transfer of the siRNA did not affect social interactions in nonstressed mice but did attenuate social avoidance in animals exposed to repeated social-defeat stress (Elliott et al., 2010) .
Histone modifications in brain also contribute to the behavioral response to stress in males. Chronic socialdefeat stress induces repressive histone modifications of the brain-derived neurotrophic factor (Bdnf) promoter, leading to a decrease in Bdnf transcripts in the hippocampus (Tsankova et al., 2006) . Hyperacetylation of the Bdnf promoter blocks stress susceptibility, and imipramine might produce antidepressant-like effects in part through this mechanism because hippocampus-specific overexpression of HDAC5 counteracts the behavioral effects of imipramine on social-defeat stress (Tsankova et al., 2006) . Fig. 1 . Removing DNMT3a from the NAc of adult females shifts them to a more male-like transcriptional pattern. a: Comparison of overlap of gene expression in males and females exposed to 6-day VS with male and DNMT3a KO females. Removing DNMT3A in females led to a twofold greater overlap in upregulation of gene expression with males and a threefold greater overlap in downregulation of gene expression. b: Top 10 gene pathways altered by 6-day VS in females compared with males and DNMT3a KO females. Seven of ten pathways in females exposed to VS were altered to resemble those of males by removal of DNMT3a. Adapted from Hodes et al. (2015) in the Journal of Neuroscience.
Recent work reveals that both social stress and chronic-restraint stress alter methylation of the glucocorticoid receptor (GR) promoter 1 7 in the periphery but not in brain of young adult rats (Witzmann et al., 2012) . Methylation was decreased in the adrenal glands and increased in the pituitary gland following stress, although there was no effect of either stressor on methylation of the same promoter in the brain, including cortex and hippocampus (Witzmann et al., 2012) . Methylation of the GR promoter resulted in altered corticosterone release in chronically stressed rats that underwent an acute-restraint stress challenge (Witzmann et al., 2012) . Therefore, it is likely that epigenetic modifications in response to stress outside of the central nervous system also have functional relevance to behavior.
Together, the existing literature demonstrates that environmental experience induces multiple types of epigenetic modifications that work together in both the brain and the periphery to cause individual differences in stress susceptibility. In part because of the lack of work performed on this subject in females, much more research is needed to understand the functional significance of these epigenetic modifications in relationship to sex differences in depression and how they may inform future antidepressant treatments.
EPIGENETIC REGULATION OF MOOD
DISORDERS IN HUMANS Growing evidence suggests that epigenetic changes in the human brain are involved in the pathophysiology of mood disorders. In a series of recent genome-wide studies, hundreds of hyper-and hypomethylated sites were identified in the hippocampus of male suicide completers that were severely abused during childhood (Labonte et al., 2012a) . Similar observations have also been made in nonabused male suicide completers with interesting commonalities but also substantial differences (Labonte et al., 2013) . Cellular plasticity was significantly associated with DNA methylation changes in abused suicides, although learning and memory genes were particularly affected in suicide with no abuse, highlighting the long term impact that early life imposes on specific functional pathways. Importantly, in both studies, DNA methylation levels in gene promoters were inversely correlated with gene expression at a genome-wide level, supporting the globally repressive role of DNA methylation in promoters, as previously reported from studies of combined male and female patients with other psychiatric disorders (Mill et al., 2008; Uddin et al., 2010) .
In men and women with posttraumatic stress disorder (PTSD), differentially methylated CpGs were found to be enriched in genes related to immune functions (Uddin et al., 2010) . More recently, Nagy and colleagues (2015) focused their studies on a subgroup of individuals with major depression characterized by astrocyte dysfunctions and identified substantial DNA methylation alterations occurring in nonneuronal cell fractions of brain. These cells were most likely astrocytes and were validated by using FACS for nonneuronal nuclei that showed inverse correlation between DNA methylation and gene expression (Nagy et al., 2015) .
In the PFC of male and female psychotic and bipolar patients, numerous sites of differential methylation were reported that led to enrichment of various functions such as glutamatergic and GABAergic neurotransmission, brain development, and response to stress (Mill et al., 2008) . Together these studies, which were conducted in different tissues (blood vs. brain) and brain regions (HPC vs. PFC), globally suggest that stress-induced epigenetic adaptations are region and cell-type specific. This is consistent with the notion of epigenetic heterogeneity across tissues (Ladd-Acosta et al., 2007) and cell types (Deaton et al., 2011; Iwamoto et al., 2011) .
In addition to these genome-wide studies, epigenetic changes are also reported for specific genes involved in critical functions such as a HPA axis activity and production of neurotrophic factors. An example is the identification of DNA hypermethylation in the promoter of the GR gene in males associated with child abuse (McGowan et al., 2009) . Hypermethylation within the NGF1A transcription factor binding site was shown to interfere with its recruitment to the GR promoter, leading to reduced expression of a specific variant of the gene (GR 1F ). Similar variations in DNA methylation were also reported for the promoter of several other GR variants in males and shown to be associated with changes in their expression (Labonte et al., 2012b) . Interestingly, these data corroborate findings from rat models focused on differences in maternal behavior (Weaver et al., 2004) .
Another important series of findings, consistent with previous preclinical work, is the evidence that antidepressants decreased H3K27me3 levels (which would be expected to promote gene expression) in the promoter of BDNF in the PFC of male suicide completers (Chen et al., 2011) . Followup studies of the blood of depressed subjects of both sexes revealed higher BDNF expression in the blood of treatment responders (citalopram) compared with nonresponders (Lopez et al., 2012) . Interestingly, H3K27me3 levels were inversely correlated with both Bdnf IV transcript expression levels and with the severity of symptoms. The BDNF receptor tyrosine receptor kinase B (TrkB) has also been associated with mood disorders (Aston et al., 2005; Nakatani et al., 2006) and is epigenetically regulated. For instance, DNA methylation levels in the promoter of the gene encoding the astrocyte variant of TrkB, TrkB.T1, were inversely correlated with expression levels in the PFC of a subset of male suicide completers (Ernst et al., 2009b) . Furthermore, suicide completers with low TrkB.T1 expression showed enrichment of H3K27 methylation in the TrkB promoter (Ernst et al., 2009a) , suggesting the presence of a dual epigenetic control over the expression of the astrocyte variant of TrkB. This is consistent with recent data showing that mice overexpressing the TrkB.T1 variant are more susceptible to chronic social stress than wild-type mice by exhibiting consistent social avoidance (Razzoli et al., 2011) and suggest that the epigenetic regulation of TrkB.T1 could define the vulnerability to chronic social stress. Unfortunately, none of these studies examined sex differences.
Changes in DNA methylation and chromatin modification in the regulatory region of genes involved in neurotransmission (Abdolmaleky et al., 2006 (Abdolmaleky et al., , 2008 (Abdolmaleky et al., , 2011 De Luca et al., 2007 , 2009 Poulter et al., 2008; Dammann et al., 2011) , polyamines (Fiori and Turecki, 2010; Fiori et al., 2011) , and protein synthesis (McGowan et al., 2008) also likely contribute to mood disorders in both sexes. These epigenetic changes are thought to induce long-term functional modifications in key cellular processes via modifications of transcriptional programs normally put in place to cope with stressful situations.
So far, no epigenetic studies in humans have specifically examined how sex might specifically contribute to vulnerability to mood disorders. However, most clinical studies include both male and female participants. As the data sets grow, we will gain the power to investigate sex as a variable and develop a greater understanding of how epigenetic modifications contribute to sex differences in depression. Indeed, we have found, in a preliminary cohort of depressed humans, dramatic depressionassociated changes in gene expression across numerous brain regions between depressed men and depressed women (Labonte et al., 2015) . These early findings emphasize the importance of explicitly examining the likely very distinct depression-associated epigenetic abnormalities in the two sexes.
CONCLUSIONS
Creating a translational bridge between research in humans with mood disorders and animal models will allow us to understand better how epigenetic mechanisms contribute to the etiology of depression. Although we are not yet at the point of developing epigenetic treatments for mood disorders, understanding how these mechanisms contribute to the syndrome will further our understanding of mood disorders and inform future treatments. It is also important to recognize and differentiate which epigenetic modifications are specific to depression vs. other forms of mood disorders such as anxiety and PTSD. So far, we have not been able to differentiate modifications that are disease specific. Hopefully, by overlaying the functional data obtained from stressed-based animal studies with the increasing technical efficacy of measuring these modifications in humans we will be able to develop treatmentspecific epigenetic medications. Those interested in examining sex differences in their own research are directed to the review strategies discussed by McCarthy et al. (2012) . As this burgeoning field moves forward, it is imperative that we fully include female subjects and examine sex as a variable. It is only by understanding these mechanisms in both sexes that we will be able to develop effective treatments for everyone.
